Here we report a detailed analysis of magnesium (Mg 2q ) ion effects on furin hydrolysis of fluorescent resonance energy transfer decapeptide substrates derived from canonical R-X-K/R-R furin cleavage motifs within certain viral envelope glycoproteins and eukaryotic proproteins. Using virusderived sequences a selective activation of furin by Mg 2q ions was observed as a result of cooperativity between furin subsites. Furin hydrolysis of the peptides Abz-SRRHKRx FAGV-Q-EDDnp (from measles virus fusion protein F o ) and Abz-RERRRKKRxGLFG-Q-EDDnp (from Asian avian influenza A, H5N1) was activated between 60-and 80-fold by MgCl 2 . It appears that virus envelope glycoprotein mutations have been selected to increase their susceptibility to furin within cells, a location where Mg 2q is present in adequate concentrations for activation. Both the pH profile of furin and its intrinsic fluorescence were modified by Mg 2q ions, which bind to furin with a K d value of 1.1 mM.
Introduction
Furin (EC 3.4.21.75 , MEROPS clan SB, family S8) is a Ca 2q -dependent serine endoprotease that cleaves protein precursors with a specificity that follows the multiple basic motif R-X-K/R-R (Molloy et al., 1992) corresponding to the substrate positions P 4 to P 1 (nomenclature of Schechter and Berger, 1982) . The S 1 and S 4 furin subsites exhibit a stringent specificity for R while the S 2 preference is for K or R Holyoak et al., 2004; Rockwell and Thorner, 2004) . Furin is present in the constitutive secretory pathway but also recycles along the trans-Golgi network, the cell surface and the endosomes. Furin processes soluble and membrane-bound precursors of many endogenous and secreted proteins, and is also involved in the processing of virus envelope glycoproteins, in the activation of several bacterial toxins, and in pathologies such as cancer and neurodegenerative diseases (for reviews, see Nakayama, 1997; Molloy et al., 1999; Seidah and Chrétien, 1999; Zhou et al., 1999; Rockwell et al., 2002; Thomas, 2002) . Furin requirements for efficient substrate hydrolysis dependent not only on the well-established motif R-X-K/R-R but also on combinations of amino acids at P 5 , P 6 , P9 1 , P9 2 and P9 3 substrate positions, and on the presence of potassium ion (K q ), which activate the enzyme (Izidoro et al., 2009) .
Measles virus infectivity in cultured cells has been reported to be increased by 200-fold in the presence of MgSO 4 (Blatter and McGuigan, 1988) . A similar effect for magnesium was reported for dengue virus in mammalian cell culture (Matsumura et al., 1972) . Magnesium (Mg 2q ) is the second most abundant intracellular ion after K q ; the free cytosolic Mg 2q concentration is approximately 1-3 mM (Scarpa and Brinley, 1981; Blatter and McGuigan, 1988; Grubbs, 2002) and is strictly controlled by specific transporters (reviewed by Schmitz et al., 2007) . In the present paper, we report a detailed analysis of Mg 2q effects on furin activity using fluorescent resonance energy transfer (FRET) decapeptides derived from sequences that span the furin cleavage sites of viral envelope glycoprotein and eukaryotic proproteins. The virulence of influenza virus depends on its capacity to invade host cells, known to require hemagglutinin (HA) processing by a host proteinase; furin is the most accepted candidate enzyme for this processing event (for reviews, see Zambon, 2001; Horimoto and Kawaoka, 2005) . Here, we provide a detailed analysis of furin hydrolysis of peptides derived from H5N1 influenza HA. To evaluate whether Mg 2q can induce structural modifications in furin, the effects of Mg 2q on the pH profiles of furin hydrolytic activity and on the intrinsic fluorescence were also examined.
Results

Effects of Mg 2H on the hydrolysis of Abz-SRRHKRFAGV-Q-EDDnp by furin
The FRET peptide Abz-SRRHKRxFAGV-Q-EDDnp wwhere, Abz, ethylenediaminex contains the sequence of the F o measles virus envelope glycoprotein with a furin cleavage site (x) and also includes the donor and acceptor fluorescence groups Abz and Q-EDDnp, respectively. This peptide was used to investigate the effects of different Mg 2q concentrations on furin activity as shown in Figure 1 . A significant increase in the hydrolysis rate of Abz-SRRHKRFAGV-Q-EDDnp by furin was observed up to 5 mM Mg 2q , at higher concentrations the rate of hydrolysis gradually decreased. KCl also increased the rate of hydrolysis of this peptide by furin, but NaCl had no effect. In the absence of Ca 2q , furin was completely inactive, even in the presence of Mg 2 and K q ions. The kinetic parameter K m for the hydrolysis of Abz-SRRHKRFAGV-Q-EDDnp by furin decreased almost 10-fold at 10 mM Mg 2q and k cat increased by a similar fold at 5 mM Mg 2q (Figure 2 ). These changes in K m and k cat resulted in a significant increase in the specificity constant k cat /K m , as depicted in Table 1 (peptide 32). The activation effects of Mg 2q and K q ions on furin activity were additive for the hydrolysis of Abz-SRRHKRFAGV-Q-EDDnp, when rates were determined at a fixed concentration of KCl (20 mM) under varying MgCl 2 concentrations (data not shown). Figure 3 shows the pH profiles of furin hydrolysis for four FRET peptides in the presence and absence of MgCl 2 . Owing to the large effect of Mg 2q on its hydrolysis, the peptide Abz-SRRHKRFAGVQ-EDDnp was chosen as one of the substrates to evaluate the relationship of Mg 2q to the pH profile of furin activity. Abz-SRRHKRFAGVQ-EDDnp contains one H and its imidazole side chain has a pK value that is in the pH range of 6-7 (Paiva et al., 1976) . To exclude a substrate titration effect in the pH profile, we examined the hydrolysis of Abz-RKRSRRQVNTQ-EDDnp, which contains the sequence of the Ebola Sudan envelope glycoprotein and which is also highly activated by Mg 2q (peptide 1 in Table 1 ). We further examined the pH profiles of the hydrolysis of the peptide Abz-SGRSRRAIDL-Q-EDDnp from yellow fever virus-M envelope glycoprotein, which contains a completely different prime site sequence, including a negatively charged D (peptide 10, Table 1 ). Lastly, the pH profile of the hydrolysis of the small substrate Ac-RVRR-MCA was also examined for comparison.
Effects of MgCl 2 on the pH profiles of furin activity
The optimum pH values for the hydrolysis of all four substrates were in the ranges 7.5-8.0 and 6.5-7.0 in the presence and the absence of MgCl 2 , respectively. All data were fit to a single bell-shaped curve, and two pK values (pK 1 and pK 2 ) could be determined. The pK 1 values for the pH profiles of hydrolysis of the three substrates derived from virus envelope glycoprotein were similar in the presence and absence of MgCl 2 , but the pK 1 value was 0.5 units higher in the presence of MgCl 2 for the peptide Ac-RVRR-MCA. The pK 2 values in the presence of MgCl 2 were higher than in the absence of salt for all four substrates. The pH profiles for hydrolysis of substrates containing a positively charged imidazole of H or a negatively charged carboxyl group of D in the prime sites were very similar.
Intrinsic fluorescence
The intrinsic fluorescence spectra of furin in the presence of CaCl 2 and increasing amounts of MgCl 2 are shown in Figure  4 . The fluorescence spectra are typical of tryptophan, and the presence of MgCl 2 did not shift the wavelength of the maximum peak of the spectra but significantly reduced the intensities of the peaks. The maximal fluorescence intensities from the five obtained emission spectra were plotted as a function of the MgCl 2 concentration. The fluorescence changes DFsF 0 -F obs , where F 0 is the initial fluorescence value of the furin solution and F obs is the observed fluorescence value in the presence of MgCl 2 , fit to a single site saturation curve represented by Eq. (1)
The data were fitted to Eq. (1) and yielded an observed dissociation constant wK d(obs) x of 1.1"0.1 mM for Mg 2q . Tables 1 and 2 show the kinetic parameters of hydrolysis by furin in the presence and absence of MgCl 2 for the various FRET decapeptides (Abz-peptidyl-Q-EDDnp) derived from virus and human protein precursors. All of these peptides contain the canonical consensus cleavage site motif R-X-K/ R-R required by furin, and they are here grouped into the virus families from which the sequences of the envelope glycoproteins were derived. The peptides were ordered within (Table 1 ). In contrast, the k cat /K m values for the hydrolysis of almost all FRET peptides derived from human proteins were largely reduced by Mg 2q (Table 2 ). These results indicate that the efficiency of Mg 2q in activating furin is highly dependent on particular combinations of amino acids at different substrate positions, a possible result of the cooperativity of furin subsites (Izidoro et al., 2009 ) and is also observed in the other proteases (recently reviewed in Ng et al., 2009) .
The HA glycoprotein of the influenza A virus plays an essential role in viral invasion of the cells, which depends on its cleavage by host proteases into the fragments HA1 and HA2 (Steinhauer, 1999) . Such cleavage renders HA susceptible to conformational changes at low pH in the endosome (for reviews, see Zambon, 2001; Horimoto and Kawaoka, 2005) . The FRET peptide Abz-RRRKKRxGLFG-Q-EDDpp, which contains the processing site HA glycoprotein of influenza A virus H5N1, required KCl for its hydrolysis by furin (Izidoro et al., 2009) . Better substrates were obtained with analogs of this peptide substituting amino acids that are more frequently found at prime site positions in substrates highly susceptible to furin (Izidoro et al., 2009) . Table 3 shows the kinetic parameters for the hydrolysis of these peptides in the presence of Mg 2q . The FRET substrate Abz-RRRKKRxGLFG-Q-EDDnp (peptide 31) was hydrolyzed only in the presence of Mg 2q , and the hydrolysis of its analogs (peptides 44-46) modified at positions P 1 9 and P 3 9 with the amino acids most frequently found in the best substrates for furin (Izidoro et al., 2009 ) was also significantly activated by Mg 2q . It is noteworthy that highly efficient hydrolysis of the peptide Abz-RERRRKKRxGLFG-Q-EDDnp (peptide 47) by Mg 2q -activated furin was observed; this peptide contains two additional residues (R and E) at its N-terminus. These two residues correspond to the two insertions reported in HA in the avian influenza A (H5N1) virus obtained from a child with fatal respiratory illness in Hong Kong (Subbarao et al., 1998) .
Effects of MgCl 2 on the hydrolysis by Kex2 of FRET peptides derived from Saccharomyces pro-a-mating factor
Kex2 is the prototype of the large family of eukaryotic proprotein processing proteases that includes furin (Zhou et al., 1999) , this enzyme is necessary for production and secretion of mature a-mating factor and killer toxin in Saccharomyces cerevisiae by proteolysis at paired dibasic site (Fuller et al., 1988 . We hypothesize that the increase in yields of measles and Dengue virus production in cell culture induced by MgCl 2 report- ed earlier (Matsumura et al., 1972; Boriskin et al., 1988 ) are related to the higher susceptibility of these virus envelope glycoproteins to furin cleavage in the presence of Mg 2q ions. The hydrolysis of peptides derived from the filoviridae (Ebola) and herpesviridae virus families were also significantly increased by MgCl 2 .
The larger activation of furin by Mg 2q was observed for the hydrolysis of Abz-RERRRKKRxGLFG-Q-EDDnp (peptide 47, Table 3 ); however, the substitution of E by A in Abz-RARRRKKRxGLFG-Q-EDDnp (peptide 48) resulted in a substrate that is well hydrolyzed by furin in the absence of Mg 2q , and in the presence of this ion its hydrolysis was only increased 2-fold. These results, as well as all the other kinetic parameters given in Table 3 , indicate that punctual modifications in the substrate sequence are critical for furin activity. As the pathogenicity of influenza virus depends on its capacity to invade the host cells, which is in turn dependent on host proteinase processing of HA, the nature of the amino acids in the cleavage site seems to be one of the essential factors for the virus infectivity. In fact, the efficiency of furin hydrolysis activities was highly dependent on the particular combinations of amino acids at different substrate positions, as previously reported (Izidoro et al., 2009 ). Similar interdependence of furin subsites also seems to occur in the activation of furin by MgCl 2 , and it is very possible that a large degree of cooperativity between furin subsites exists as recently reported for other peptidases (Boyd, 2005; Ng et al., 2009) . A more detailed analysis of cooperativity among the various furin subsites is clearly required; this work is currently in progress in our laboratory. Any analysis of cooperativity should take into account that all furin substrates are highly positively charged; the accommodation of guanidinium and ammonium side chain cations at the negatively charged S 1 , S 2 and S 4 furin subsites can most likely be modulated by the occupancy of the other subsites and by salts. In addition, activation by Mg 2q seems to be a furin peculiarity that we did not observe with Kex2, the prototype of the convertase family which includes furin. Although the free Mg 2q concentrations in cell compartments are not known, in most mammalian cells this free ion is present in the range of 1-3 mM that represents less than 10% of the total of Mg 2q within cells (Scarpa and Brinley, 1981; Blatter and McGuigan, 1988; Grubbs, 2002) . It is noteworthy that the K d s1.08"0.1 mM for the dissociation constant of Mg 2q from furin, obtained with intrinsic fluorescence measurements, is within the physiological range of intracellular Mg 2q concentrations. However, we should consider that cells infected by the virus can have Mg 2q transport through the cell membrane affected in a manner that results in increased Mg 2q intracellular accumulation. Any proposal to explain the mechanism of activation of furin by cations would be highly speculative at this point and would also require further information on the interdependence of furin subsites. However, it seems probable from the data presented above that virus envelope glycoprotein mutations have been selected to increase susceptibility to furin inside cells, a milieu rich in K q and Mg 2q ions.
Materials and methods
Enzymes
Recombinant human furin was expressed and purified as previously described (Kacprzak et al., 2004) and the molar concentration of active enzyme was determined by active site titration with the decanoyl-RVKR-CMK inhibitor in 10 mM MES buffer, 1 mM CaCl 2 , pH 7.0 and the substrate Abz-GIRRKRSVSHQ-EDDnp. Secreted soluble Kex2 (ssKex2) was obtained from S. cerevisiae; this secreted form lacks the C-terminal tail and permits the production of enzyme in quantity for studies of specificity (Brenner and Fuller, 1992) . Kex2 was purified from the culture media of the yeast strain mutant S. cerevisiae AFY490 transformed with the plasmid CB023-pG5KEX2DC3 and the gene URA3, which permits the cell division in the presence of uracil in the culture media. Kex2 was purified on a DEAE-Sepharose column (20 ml of resin). The resin was washed with 40 mM Bis-Tris buffer containing 10% glycerol (v/v) at 48C and the enzyme eluted in the same buffer containing 200 mM NaCl, concentrated in by Amicon ultrafiltration and stored at -808C until used.
Peptides
All peptides were obtained by the solid-phase peptide synthesis strategy as previously described (Korkmaz et al., 2008) using the Fmoc-procedure in an automated bench-top simultaneous multiple solid-phase peptide synthesizer (PSSM 8 system from Shimadzu, Tokyo, Japan). Details of purification and characterization are reported previously (Izidoro et al., 2009) . Stock solutions of the peptides were prepared in dimethylformamide and the concentrations were measured spectrophotometrically using the molar extinction coefficient of 17 300 M -1 cm -1 at 365 nm. The quantum yields of the FRET peptides and the products of their hydrolysis were unchanged in the presence or in absence of MgCl 2 .
The NCBI GenBank accession numbers for all envelope glycoproteins from which the FRET decapeptides were derived (numbers are the same as in Table 1 ) are as follows: Peptide 1: AAB37096; Peptide 2: BAB69007; Peptide 3: AAM76034; Peptide 4:
Kinetic measurements
The FRET peptides were assayed in 10 mM MES, 1 mM CaCl 2 , pH 7.0, using a F-2500 spectrofluorimeter (Hitachi, Tokyo, Japan), at 378C. The enzymes were preincubated in the assay buffer for 3 min before the addition of substrate. Fluorescence changes were monitored continuously at l ex s320 nm and l em s420 nm. When fluorogenic peptidyl-MCA (4-methyl-7-aminocoumarin) substrates were used, the condition was changed to l ex s380 and l em s460 nm. The enzyme concentrations for initial rate determinations were chosen at a level intended to hydrolyze less than 5% of the amount of added substrate over the time course of data collection. The slope of the generated fluorescence signal was converted into micromoles of substrate hydrolyzed per minute based on a calibration curve obtained from the complete hydrolysis of each peptide. For each peptide the concentrations of the substrates for determination of their kinetic parameters were in the range of two times higher and lower of the obtained K m value for furin hydrolysis. The kinetic parameters K m and k cat were calculated by non-linear regression using Grafit ᭨ software (Erithacus Software, Horley, Surrey, UK). Errors were less than 5% for each of the kinetic parameters obtained.
Each peptide product resulting from substrate hydrolysis was detected by its UV absorption at 220 nm and its molecular weight was determined by LC/MS using an LCMS-2010 equipped with a ESI-probe (Shimadzu) connected to the HPLC after the UV-detector.
The HPLC conditions were: Ultrasphere C18 column (5 mm, 4.6=250 mm) which was eluted with the solvent systems A (H 3 PO 4 / water, 1:1000) and B (acetonitrile/water/H 3 PO 4 , 900:100:1) at a flow rate of 0.8 ml/min and a 0-80% gradient of solvent B1 for 60 min.
Effects of MgCl 2 and pH on furin catalytic activity
The influence of MgCl 2 on the catalytic activity of human furin was tested in a concentration range of 1-100 mM; we also examined the effects of NaCl up to 100 mM under similar conditions. We measured the initial velocity of hydrolysis using 4 mM of the FRET substrates in 10 mM of MES buffer, 1 mM CaCl 2 at 378C and pH 7.0.
The pH dependence of the various rate constants was measured at 378C in a four-component buffer with constant ionic strength, comprising 25 mM for acetic acid, MES and glycine and adjusted to the required pH values by the addition of 1 M HCl or 1 M NaOH. The reaction was performed by assessing the V max of the hydrolysis of substrates in the presence and absence of 5 mM MgCl 2 . The enzyme was preincubated in buffer for approximately 2 min before collection of data. All experiments were carried out under V max rate constants where the substrate concentration was three times higher than its K m value. The values of V max were fitted to Eq. (2) with the Grafit ᭨ 5.0 software to a theoretical curve for the bell-shaped pH rate profiles using non-linear regression:
pK -pH pH-pK 1 2 V sV (limit)w1/(1q10 q10 )x (2) max max where V max denotes the pH-independent maximum rate constant and K 1 and K 2 are the dissociation constants of the catalytically competent base and acid, respectively.
Intrinsic fluorescence assays
The intrinsic fluorescence of the furin-containing solutions was obtained in a Hitachi-F2500 spectrofluorimeter with the excitation wavelength set at 280 nm (5 nm slit) and the emission scanned in the range of 300-400 nm (5 nm slit). The measurements were performed at 378C, in 10 mM MES-NaOH buffer at pH 7.0, in the presence and absence of 1 mM CaCl 2 and 1-50 mM MgCl 2 .
